The paper reviews research performed to advance the understanding of state-of-the-art technologies capable of reducing coaxial jet noise simulating the exhaust flow of turbofan engines. The review focuses on an emerging jet noise passive control technology known as chevron nozzles. The fundamental physical mechanisms responsible for the acoustic benefits provided by these nozzles are discussed. Additionally, the relationship between these physical mechanisms and some of the primary chevron geometric parameters are highlighted. Far-field acoustic measurements over a wide range of nozzle operating conditions illustrated the ability of the chevron nozzles to provide acoustic benefits. Detailed mappings of the acoustic near-field provided more insight into the chevron noise suppression mechanisms by successfully identifying two primary chevron effects consistent with the results of the far-field measurements: chevrons penetration and shear velocity across them. Mean and turbulence data identified the physical flow mechanisms responsible for the effects documented in the far-and near-field studies.
Introduction
Community noise concerns continue to be a major challenge to the aviation industry. At take-off conditions, jet noise produced by the engine exhaust is typically the dominant noise generating mechanism. Therefore, flight worthy technologies capable of providing a significant reduction in jet noise are of major interest. Chevron nozzles represent the current state-of-the art in passive control of jet noise for application in medium and high by-pass turbofan engines. These nozzles feature triangular serrations in the nozzle trailing edge, which induce streamwise vorticity into the shear layer. As with tabbed nozzles, this vorticity can lead to increased mixing and reduced jet plume length (1) - (5) . However, the level of penetration of the individual chevrons is typically much less than that for tabbed nozzles. As opposed to other noise reduction technologies, such as tabbed nozzles or multi-lobed mixers, chevron nozzles are capable of reducing engine exhaust noise while imposing minimal engine performance penalty and weight impact (6) - (8) .
Studies at NASA showed that some chevron nozzle configurations can provide reductions in jet effective perceived noise level (EPNL) of 2-3 EPNdB with minimal loss of nozzle thrust (6) . Recent studies (9) , (10) included a far-field acoustic investigation as well as a more detailed investigation of the chevron effects on the acoustic near-field. The far-field investigation provided insight into the overall acoustic effect of the various chevron nozzles as well as the various geometric parameters on the acoustic benefit. These studies showed the chevrons to be most effective at the lower frequencies, including the peak jet noise frequency, and at the aft angles. At the higher frequencies, a reduction in the acoustic benefit was observed. The follow up near-field study provided some additional insight into the chevron effect on the noise level and distribution. The chevrons reduced the peak noise regions in spatial extent across a wide frequency range and consistently shifted these peak regions upstream. Additionally, the near-field mappings showed that the chevrons could produce dramatic increases in high frequency noise within the first three nozzle diameters under certain nozzle operating conditions. While it is well known that chevron nozzles enhance mixing between the two streams of separate flow exhaust systems, the details of the physical mechanisms remain unclear. The focus of the present paper is on the 
Materials and Methods
The test facility features a coaxial flow test rig capable of accurately simulating separate flow exhaust nozzle conditions in terms of nozzle pressure ratio and velocity difference. For the current series of tests, the rig is fitted with a separate flow exhaust model with primary and secondary exit areas of 23.23 cm 2 and 80.65 cm 2 respectively. A photograph of the baseline nozzle model is shown in Fig. 1 . Complete details of the test rig and its capabilities are available in Ref. (11) .
Four different core nozzles were investigated in the previous acoustic studies. These include a baseline conic nozzle as well as three different chevron nozzles. The chevron nozzles were selected to provide insight into the effect of the geometric parameters such as the number of chevrons and the level of penetration of the chevrons into the flow. One nozzle was a 12 lobe chevron with a penetration equal to the boundary layer thickness. The other two nozzles each featured 8 chevrons. One had the same penetration as the 12 lobe nozzle and the other with twice that level (Fig. 2) . A conic fan nozzle was used for all tests. A PIV system was used for flow field measurements.
Results and Discussion
Two different nozzle operating conditions were selected. For both operating conditions, the core flow was at an NPR of 1.85 and 120
• C. The fan flow was maintained at 27
• C and the NPR was adjusted to set the normalized nozzle shear velocity, V shear to 0.58. The nozzle shear velocity is defined as the difference between the primary and secondary stream velocities. The shear velocity has been normalized with the jet mixed velocity, denoted by V mix . This parameter is the mass averaged velocity of the primary and secondary streams. 4. 1 Global flow field effects 4. 1. 1 Flow field contour plots Two-dimensional contour plots of the ensemble averaged normalized axial velocity and normalized TKE are presented in Figs. 3-6. The velocity has been normalized using the ideal exit velocity of the primary jet. TKE is defined in two dimensions as:
By definition, C is the flow density but in this study, a constant value of 1 is used. By including both turbulence components, this parameter allows easy presentation and analysis of the overall effect of the chevron nozzle on the turbulence. The TKE has been normalized by the jet mixed velocity.
The flow field for the baseline nozzle and Chevron 8HP at nominal shear conditions is shown. Mean flow results are presented in Fig. 3 . The baseline results show a strongly coherent jet. From the contour levels, it appears that there is very little decay of the peak velocity within the The effects of the chevron are shown in Fig. 3 (b) . Perhaps the most significant change is seen at an axial location be- tween 2 and 3 equivalent diameters. Here, the measurement shows a high velocity lobe penetrating outward into the fan stream. This is obviously one of the fundamental mechanisms by which the chevron exchanges energy between the primary and secondary streams. As a result of this energy exchange, the chevron has produced an increase in the jet spread and appears to have produced a more rapid decay of the jet velocity. As a consequence of these changes, the primary jet appears less coherent than it did in the baseline case. Also, the shear layer separating the primary and secondary streams appears much thicker due to the mixing action of the chevron.
The manner in which the chevron distributes energy from the primary jet outward into the secondary stream is shown more clearly in Fig. 4 which shows cross sectional views of the two nozzles at an axial distance of 2.7 diameters. The baseline jet shows familiar concentric rings of decreasing velocity with the peak velocity extending to a radial position of roughly 0.2 equivalent diameters. The wake from the external centerbody can also be seen at the center of the plume. The lobe pattern created by the chevron appears quite dramatically in Fig. 4 (b) . The four lobes visible in the half plane of the jet correspond to the location of the chevron troughs.
The chevrons in coaxial flow reduce the cross sectional area of the primary jet and produce a series of eight surrounding lobes or secondary jets. Due to the redistribution of the primary stream energy into the lobe structures, the chevron has reduced the radial extent of the peak primary stream velocity by 50% from a radial position of approximately 0.2 diameters to only 0.1 diameters. Such a reduction in radius corresponds to a 75% reduction in area.
Turbulence results for the nominal shear condition are shown in Fig. 5 . The baseline turbulence field shows very well defined potential core regions in both the primary and secondary streams. The shear layer between the primary and secondary flows is clearly identifiable as the thin region of turbulence separating these potential regions. In contrast to this, the shear layer separating the secondary stream and the ambient appears much thicker. Obviously, this shear layer originates further upstream at the fan nozzle lip and thus it has had a greater distance to develop. Secondly, due to the operating condition, there is a greater velocity difference across this shear layer, resulting in more aggressive mixing. Together these two factors produce the much thicker fan/free shear layer. Results obtained by Bridges and Wernet (12) for a coaxial jet operating at a similar shear condition show a similar difference in the thickness of the two shear layers at these axial locations. The peak TKE in the baseline jet occurs downstream of 4.5 equivalent diameters at a position that indicates it is likely associated with the end of the fan potential core and the merging of the two shear layers.
The chevron nozzle produces substantial changes to the turbulence field at this condition as shown in Fig. 5 (b) . Most notable is that the peak TKE covers a much larger area than in the baseline case and originates further upstream at approximately 2.5 diameters. Referring back to Fig. 3 (b) , it can be seen that this is the same region where the high velocity lobe is seen in the mean flow. Therefore, it is likely that this increased turbulence is associated with the mixing of the lobe as it transports energy from the core out to the fan stream. The increased thickness of the core/fan shear layer was noted in the mean flow results of Fig. 3 (b) , but appears more obviously in the turbulence results of Fig. 5 (b) . The fan potential core has essentially been eliminated by the increased mixing. The chevron is shown to have substantial effect on this region which is likely responsible for some of the previously observed changes in acoustic field. A thickening of the primary noise generating mechanism (i.e. the core/fan shear layer), together with increased mixing related turbulence due to the interaction of the lobe structure with the fan stream could certainly explain the observed increase in mid and high frequency noise. A more direct analysis of this relationship is provided in a later section.
1. 2 Extracted line plots
show the lobe structure that is created by the chevron. Additional data was extracted further downstream at an axial distance of 5.3 equivalent diameters to show the chevron effects on the jet spread and potential core length. Figure 6 shows a comparison of the axial velocity distributions at the nominal shear condition. At X/D eq of 2.5, the baseline distribution shows a top-hat profile consistent with a developing potential core. The shoulder seen at a U/U exit value of approximately 0.58 in the baseline profile indicates the fan stream has not yet merged with the core stream and is still behaving as its own coherent jet. The chevron profile is quite interesting at this location as the chevron has already had a significant impact on the structure of the jet. Clearly visible at a radial position of approximately 0.35 diameters is the high velocity lobe that was seen in the contour plot. At this radial location, the lobe increases the local velocity nearly 50% from a normalized value of 0.46 to 0.68. This profile also shows how the chevron has distributed energy from the core stream outward into the fan stream through the high velocity lobe. As a result of this redistribution of energy, the local velocity in the plane of the chevron trough is increased by an average of 34% at all radial locations between 0.15 and 0.60 diameters. In addition, the chevron velocity does not show the same top-hat profile and that the peak velocity has already begun to decay from the exit velocity. At the downstream location of 5.3 diameters, the fan and core streams have completely merged into a single jet. In the contour plots, it was observed that the jet potential core appeared to remain intact throughout the measurement region in the baseline jet. The downstream velocity profile confirms this as the peak velocity of the baseline jet still reaches 99% of the exit velocity. However, the effect of the chevron on the jet mixing results in a peak velocity that reaches only 93% of the exit velocity at the same axial location. The chevron still produces local increases in the axial velocity over much of the jet cross section as it distributes energy outward from the core stream. The downstream chevron profile shows an average local velocity increase of over 25% at radial locations from 0.25 to 0.85 diameters. Using the well known half velocity point to define the jet width, the mixing of the chevron increases the width in the trough plane by approximately 25% at both axial locations. Profiles of normalized TKE at the same operating condition and the same two axial locations are presented in Fig. 7 . At the upstream location, the baseline profile clearly shows the region of turbulence associated with the fan/free shear layer centered at a radial location of approximately 0.4 diameters as well as the thinner region associated with the core/fan shear layer at approximately 0.1 diameters. The chevron produces substantial increases in the peak TKE in each of the shear layers. The fan/free shear layer turbulence is increased nearly 40% while an even greater increase of 45% is seen in the core/fan shear layer turbulence. According to the observations of Lu (13) , this substantial increase in core/fan shear layer turbulence likely is responsible for the generation of mid and high frequency noise. At the downstream location, the primary effect of the chevron on the turbulence is to shift the radial location of the peak turbulence and to produce an increase in the extent of the peak TKE. For example, the baseline profile shows TKE levels in excess of 0.12 occupying a radial range extending from 0.17 to 0.29 diameters. In the contour plot analysis this peak turbulence was to shown to correspond to the merging of the two shear layers. The chevron produces a slightly larger region of TKE in excess of 0.12 extending from 0.39 to 0.65 diameters. Despite this increase in the radial extent and location of the turbulence, the chevron has virtually no effect on the peak TKE level at this axial location.
In conclusion, the mean velocity results show a clear redistribution of energy from the high velocity core stream outward into the fan stream. This leads to increases in both the fan stream velocity and the jet width. The chevron produces increases of 40-50% in peak level TKE at an axial location of 2.5 equivalent diameters. This increased turbulence is likely associated with the high velocity lobe structure which transports energy between the core and fan streams as well as increasing the general turbulence level of the core/fan shear layer. At the downstream locations, the chevron shows a less significant impact on the turbulence level.
2 Relation of flow field to acoustics
Consistent trends were identified in the acoustic effects of the chevrons (9) , (10) . The far-field investigation showed the chevrons to be most effective at the aft angles and lower frequencies with the most effective frequency range typically including the peak noise frequency. The benefit was shown to diminish at higher frequencies and in the case of the high shear operating condition, each of the three chevrons produced a high frequency SPL increase. The near-field results documented significant changes in both the level and distribution of the near-field noise due to the chevrons. Specifically, the chevrons reduced the extent of the peak noise regions and produced a consistent upstream shift in the location of the peak noise. Based on comparison with previous flow field investigations, it was suggested that this upstream movement of the peak noise regions was possibly attributable to a reduction in the length of the jet potential core. The results of this study have confirmed that the increased mixing of the chevron does indeed reduce the length of the jet core as the core energy is distributed outward to the fan stream. The second important observation of the near-field study was a consistent increase in the mid to high frequency noise, which was shown to originate within the first 2-4 equivalent diameters. Trends seen with regard to the frequency and location of this increased noise led to the hypothesis that this noise was likely generated by increased shear layer turbulence close to the nozzle lip. Again, this suggestion is consistent with the findings of the current flow field study. At both operating conditions, the chevron was shown to produce TKE increases of 40-50% at an axial location of 2.5 equivalent diameters. Based on the experimental results of Lu, such increases in shear layer turbulence could lead to the increased high frequency noise that was shown to originate from this area in the near-field study.
For a more illustrative analysis, Figs. 8 and 9 show a direct comparison of the TKE measurements with the high and low frequency components from the near field mappings. Figure 8 shows the baseline results for the nominal shear condition while Fig. 9 shows the same comparison for chevron 8HP. While the contour range is differ- Fig. 8 (b) shows a broad region of peak noise level along the inner edge of the mapping region that peaks in intensity downstream of 6 equivalent diameters. It was suggested in the nearfield study that this low frequency noise is generated by the large scale turbulence structures associated with the end of the jet potential core. The turbulence results obtained in this study support this suggestion. Figure 8 the end of the fan potential core where the fan/ambient and fan/core shear layers merge. While this region of high turbulence begins at 4.5 diameters which is slightly upstream of where the peak low frequency noise it seen, it is likely that this turbulence is contributing to noise further downstream due to the source convection effect. Furthermore, at the edge of the mapping region, this turbulence appears to be increasing in intensity indicating that it becomes even stronger downstream of the mapping region where it would continue to contribute to the noise region seen between 6 and 10 diameters. While additional downstream flow field data is not available to confirm this, the observation is certainly logical as the flow will become increasingly chaotic near the end of the potential core due to the merging of the shear layers from each side of the jet. Figure 9 (b) shows that the chevron suppresses much of the low frequency noise while shifting its location upstream of 6 diameters. This is consistent with the flow field observations that showed a reduction in the length of the inner jet potential core and a virtual elimination of the fan stream potential core in the azimuthal plane intersecting the chevron trough. In contrast to the strong low frequency noise, the high frequency mapping shows comparatively weak regions of noise for the baseline nozzle. This is consistent with the baseline turbulence field, shown in Fig. 8 (a) , which showed the peak TKE occurring downstream of 4.5 diameters. It is understood that high frequency noise is generated by the smaller scale turbulence structures in the initial development region of the shear layer. Therefore, based on the turbulence seen in Fig. 8 (a) , it would not be expected to see significant high frequency noise generation. However, the effect of the chevron on the high frequency noise is even more dramatic than that seen at the low frequency. Figure 9 (c) shows a tremendous increase in the high frequency noise originating between 1 and 4 diameters. This increase clearly correlates with the substantial increase in upstream turbulence seen in Fig. 9 (a) . The line plots showed increases in TKE of 40-50% at an axial distance of 2.5 diameters with the largest increases being associated with the core/fan shear layer. This location is right in the region where the high frequency noise is shown to be generated. This correlation between the flow and acoustic fields is consistent with previous experimental observations which showed that the core/fan shear layer is the primary generator of noise at these axial locations. Therefore, it should be clear that the increased high frequency noise previously documented for the chevron nozzles is directly related to the increase in upstream turbulence.
Conclusions
This paper presents a summary of an investigation into the fundamental mechanisms of passive noise control using chevron nozzles. Flow field measurements provided insight into the effects of the chevron nozzle on the mean and turbulence fields. The mean flow results identified some significant changes to the flow structures as a result of the enhanced mixing induced by the chevrons. Near the core nozzle exit, at axial distances upstream of approximately 3 diameters, the chevrons create a series of high velocity lobes centered on the chevron troughs. The physical flow features of these lobes showed reasonable agreement with an analytical model developed from single stream tabbed jet data indicating that the mechanisms are likely similar. These lobed structures act as secondary lateral jets that transfer energy from the high velocity core stream outward into the fan stream. As a result of this redistribution of energy, the core stream potential core was shown to decay more rapidly. This energy transfer also resulted in local velocity increases in the fan stream and a consequent increase in the jet width. The chevrons also produced significant changes to the turbulence field. Increases in peak turbulence were observed upstream of 4 nozzle diameters for each of the two operating conditions. Increases in TKE of 20-25% were observed at an axial position of 2.5 diameters for both operating conditions.
The correlation of the acoustic and flow field results identifies two fundamental physical mechanisms of the chevron nozzles. First, the increased mixing of the chevrons increases the rate of decay of the core jet, which effectively shortens the potential core. By reducing the spatial extent where the jet velocity remains at or near the exit velocity, the chevrons provide acoustic reductions near the range of the peak jet noise frequency. This low frequency effectiveness of the chevrons has been documented by the previous acoustic studies (9) , (10) . While the increased mixing of the chevrons provides good noise attenuation near the peak jet frequency, the mechanism behind this increased mixing produces a second effect. The mean flow results showed the lobes or secondary lateral jet structures that are generated by the chevrons. These lobes of high velocity flow which penetrate into the fan stream have the effect of producing dramatic increases in turbulence near the nozzle lip. Together with the increased core/fan shear layer turbulence, this then generates the high frequency noise that leads to a documented degradation of the acoustic benefit at the higher frequencies.
Acoustic studies identified the chevron penetration as a primary geometric parameter that controlled the tradeoff between the low and high frequency acoustic benefit. For example, the higher penetration nozzle was shown to provide superior low frequency benefit to the nominal penetration nozzles while typically giving inferior high frequency benefit. This effect was also noted in a publication by Viswanathan (14) . In light of the information gained from the current study, it can be concluded that the chevron penetration likely controls the strength or aggressiveness of the mixing and thus the tradeoff between high and low frequency benefit. Stronger mixing can produce additional shortening of the jet potential core which leads to additional noise reduction at the lower frequencies. However, this aggressive mixing also generates additional high frequency noise which can lead to high frequency cross-over in the far-field. By carefully tailoring this design parameter to nozzle exhaust conditions, the low and high frequency benefits can be optimized to provide the maximum benefit in aircraft certification metrics such as EPNL.
